The stabilization and protection of shorelines using the broadleaf cattail and reed sweet grass. The article presents the results of studies on the mechanical properties of the broadleaf cattail Typha latifolia and reed sweet grass Glyceria maxima. The necessary study samples were collected from Lake Urszulewskie near Sierpc, Poland. The experiment was conducted using an Instron 5966 universal tensile strength testing machine. Tensile forces and the tensile strength of the individual parts of both plant species, i.e. below-ground stems (rhizomes), base of the stem and above-ground stems, were determined and compared with each other. The STA-TISTICA program was used for analysis. The calculated tensile strength values were compared to data of selected tree, shrub and plant species provided by other authors.
INTRODUCTION
The stabilization and protection of shorelines using helophytes, that is swamp plants, plays an important role in ecological engineering activities. The broadleaf cattail Typha latifolia and reed sweet grass Glyceria maxima are such type of plants. They naturally protect the bottoms of water bodies and shorelines against erosion, thanks to traits such as: the ability to grow in water (up to 50 cm in depth) and wetland areas with periodically changing humidity, a resistance to human pressure, the ease at which they propagate vegetatively by means of modifi ed stems, that is rhizomes or stolons, as well as relatively high tensile strength. Reed sweet grass and cattail stems can grow as much as a few dozen centimeters per year, which facilitates the expansion of their colonies. Moreover, the number of stems and tensile strength of individual plant components play an important role when it comes to environmental engineering and hydrotechnical construction. On the whole, the higher the density of communities, the more stable and resistant they are to changeable environmental conditions. However, this depends on the plant species and the mechanical strength of its above-and below-ground plant parts (Schiechtl 1999 ). The present article compares and describes selected mechanical properties of the broadleaf cattail and reed sweet grass.
MATERIAL AND METHODS
The tensile strength of above-ground stems and rhizomes of the broadleaf cattail Typha latifolia and reed sweet grass Glyceria maxima, as well as those parts of the stem which are especially prone to tearing, i.e. the bases of stems where they turn into rhizomes, were determined.
Samples of reed sweet grass were collected from Lake Urszulewskie near Sierpc, Poland, from fully-developed, fully-established communities. Whole plant samples were collected by hand. Selection took place on spot, eliminating specimens which showed signs of mechanical damage, deformation or disease. The selected samples, with relatively similar diameters of the above-ground stems and rhizomes, were transported to laboratories of the Water Center of the Warsaw University of Life Sciences. In order to secure them from water loss, the plants were transported in thick plastic bags. Tensile strength experiments were conducted the same day. When this proved to be impossible, the bagged plant samples were placed in basins at the Water Center and stored for no longer than three days. The experiment lasted from the middle of June to the beginning of September. A total of approximately 50 samples of the broadleaf cattail and 60 samples of reed sweet grass were delivered to the laboratory.
The tensile strength of individual plants parts was determined using an Instron 5966 universal tensile strength testing machine (Instron 2009a), with a measuring range of strength values of up to 10 kN. The analysis was registered using the Bluehill 2 program (Instron 2009b) . Figure 1 presents the types of jaw clamp modifi cations used for samples less than 16 mm in diameter (1a) and over 16 mm in diameter (1b), respectively. For purposes of static tensile strength tests conducted on the base of the stem, the bottom clamp was modifi ed ( Fig. 2a and b) .
Seven valid, static tensile strength tests were conducted on the broadleaf cattail stem, with 12 successful trials carried out on the base of the stem. Ten trials on the below-ground stems (rhizomes) were deemed valid. In the case of reed sweet grass, 13, 23 and 26 tests respectively on the individual plant elements were considered to be valid.
The range of cross-section diameters of the individual parts of the broadleaf a b FIGURE 1. Photographs illustrating the types of clamps on an Instron 5966 universal tensile strength testing machine used for measuring the tensile strength of above-ground stems < 16 mm (a) and > 16 mm (b) in diameter attail and reed sweet grass used for tensile strength tests has been presented in Table 1 . The results were calculated statistically using STATISTICA computer software. In order to precisely determine the signifi cance of differences between the average values, the ANOVA -analysis of variance LSD test was applied at a signifi cance level of 0.05, and so signifi cant for p < 0.050. Standard deviation was presented for the average values in the form of error bars.
RESULTS AND DISCUSSION
The above-ground stem was characterized by the highest tensile force values of the three analyzed parts of the broadleaf cattail (551.4 N). Next, was the base of the stem with an average tensile force of 408.3 N, and lastly the rhizome -180.9 N (Fig. 3) .
Similarly, in the case of reed sweet grass the average tensile forces were also the highest for the above-ground stem (93.5 N), slightly lower for the base of the stem (90.8 N) , and the lowest in the case of the rhizome (49.6 N) (Fig. 3) . When looking at the minimum tensile forces of broadleaf cattail parts, their values were found to be the highest for the above-ground stem (338.0 N) and similar for the base of the stem and the rhizome (121.3 and 123.9 N respectively) (Fig. 3) .
In reed sweet grass the minimum tensile forces were also found to be the highest for the above-ground stem (47.2 N). The base of the stem and rhizome were characterized by respective values of 34.0 and 23.6 N (Fig. 3) .
The values of maximum tensile forces for the broadleaf cattail were the highest for the base of the stem (939.6 N), next the above-ground stem (734.3 N), and lastly, the rhizome (282.3 N) (Fig. 3) .
The values of maximum tensile forces in the analyzed reed sweet grass were characterized by the same order -the highest for the base of the stem (166.8 N), then the above-ground stem (123.9 N) and fi nally, the rhizome (70.3 N) (Fig. 3) .
The signifi cance of differences between the average tensile forces recorded for the individual parts of reed sweet grass and the broadleaf cattail has been presented in Table 2 .
The highest value of average tensile strength for the broadleaf cattail was observed in the rhizome (748.8 kPa). (Fig. 4) . In the case of reed sweet grass, the average tensile strength was highest for the rhizome (2,725.7 kPa), next the above--ground stem (1,954.4 kPa) and fi nally, the base of the stem (1,369.9 kPa) (Fig. 4) .
When analyzing the minimum tensile strength in selected parts of the broadleaf cattail, the highest values were recorded for the rhizome (701.5 kPa), with the above-ground stem and base of the stem characterized by similar values (326.4 and 316.5 kPa respectively) (Fig. 4) .
In reed sweet grass minimum tensile strength was shown to be the highest for the rhizome (1,195.5 kPa), then the above--ground stem (887.7 kPa) and fi nally, the base of the stem (534.7 kPa) (Fig. 4) .
Maximum tensile strength values for selected parts of the broadleaf cattail were the highest for the base of the stem (1,918.2 kPa), then the above-ground stem (1,203.9 kPa) and lastly, the rhizome (815.5 kPa) (Fig. 4) .
Where reed sweet grass is concerned, maximum tensile strength was the highest for the rhizome (4,566.3 kPa), followed by the above-ground stem (4, 195.2 kPa) , and the lowest in the base of the stem (2,648.6 kPa) (Fig. 4) .
The signifi cance of differences between the average tensile strengths of the individual parts of reed sweet grass and the broadleaf cattail has been presented in Table 3 . Figure 5 presents graphs which are typical for tensile forces tests of individual reed sweet grass parts. In the graph prepared for the base of the stem, tensile forces can be observed to increase linearly along with displacement. Upon reaching the maximum value, signifying that the sample had been destroyed, a sharp decline of tensile forces is noted, at which time the displacement remains unchanged. Next, the line levels out becoming nearly parallel to the x-axis and is characterized by multiple irregularities; this signifi es that when the sample is torn in the area where the above-ground stem turns into the rhizome, numerous adventitious roots and dead plant remains create resistance. When all elements are destroyed, tensile force drops abruptly without changes in its displacement.
In the case of charts prepared for the above-ground stem and rhizome, tensile forces increase correspondingly with displacement (the line takes on a linear form or various degrees of convexity). Upon reaching the maximum value, signifying that the sample had been destroyed, a sharp decline of tensile forces takes place, at which time the displacement remains unchanged (the lines takes on a vertical direction). Sometimes slight irregularities (local decreases in tensile forces) appear on the chart, indicating the initial tearing of fi bers which precedes the ultimate destruction of the sample. Figure 6 presents charts which are characteristic of static tensile forces tests on the individual parts of the broadleaf cattail. As can be seen in the line depicting values for the above-ground stem, tensile forces increase linearly with displacement. Upon reaching the maximum value, a gradual, irregular drop is observed up until the moment that stabilization at an almost exact level is achieved. In the chart for the base of the stem, clear breaking points are not evident. Tensile forces increase with displacement. The rhizome curve is characterized by a different appearance. Tensile forces increase with displacement and decline sharply upon having achieved the maximum value. Moreover, in some segments of the charts, numerous irregularities can be observed prior to reaching maximum tensile force values. This indicates that the tearing process is FIGURE 5. The characteristics of subjecting individual parts of reed sweet grass Glyceria maxima to tensile forces initiated in places which go unseen by the researcher before reaching the maximum value of tensile forces. This is also the time when numerous cracks appeared in the analyzed samples, often simultaneously in different places.
Average tensile force values for individual parts of the broadleaf cattail are higher than the values of average tensile forces for their respective parts of reed sweet grass. Average tensile forces in the fi rst plant species are 5.8, 4.5 and 3.6 times higher for the above-ground stem, stem base, and rhizome respectively when compared to the respective values of reed sweet grass parts. This occurs because the values of tensile strength increase along with an increase in the cross--sectional area of the stretched sample. On one hand, the inside of the individual cattail parts is fi lled with tissue and so characterized by larger dimensions. On the other hand, all parts of reed sweet grass have empty internodes, and so the dimensions of their cross-sectional areas are smaller (Table 1) .
The opposite situation is observed in the case of average tensile strength values, where higher values for all analyzed plant parts were noted for reed sweet grass. Average tensile strength is 3.5, 1.9 and 3.6 times higher for the aboveground stem, stem base, and rhizome respectively, as compared to respective parts of the broadleaf cattail. The smaller the area of the cross-sectional area of the strained sample, the higher the tensile strength, which stems from the following formula:
where:
The study results revealed the rhizomes to be the strongest parts of the broadleaf cattail as well as reed sweet grass, with average values of 748.8 and 2,725 kPa respectively.
The obtained average results for the below-ground stem (rhizome) of the broadleaf cattail and reed sweet grass were compared to data from selected tree and shrub species presented by various authors. According to Bischetti et al. Based on the above fi ndings, it could be mistakenly assumed that the broadleaf cattail and reed sweet grass have worse reinforcing properties than the above--cited species. This is not, however, the case. Both the broadleaf cattail and reed sweet grass form dense communities, where their rhizomes interlace with one another forming systems (areas, layers) which reinforce the soil structure. Countrary to that, trees and shrubs grow separately, retaining large distances between other members of the species. What is more, the common beech is a highly demanding species, which does not tolerate moist, swampy soils very well. Its roots avoid growing below groundwater level and extend in a direction opposite to that of the shoreline (Rokita 1970) . The common hazel is not characterized by any specifi c needs besides its intolerance to an overabundance of water in the ground. The roots of the mentioned trees and shrubs are vulnerable to fl ooding and will rot after a certain time, losing their reinforcing properties.
The rhizomes of reed sweet grass and the broadleaf cattail are on the opposite side of the spectrum, forming a dense network which reaches even a few meters into the ground. They are very well--adapted to stabilizing the soil surface under conditions of constant fl ooding, oxygen deprivation, eutrophication, environmental pollution and human pressure. Furthermore, these species have been found to grow on various kinds of soil, from mineral to organic (Podbielkowski and Tomaszewicz 1996; Kłosowski and Kłosowski 2007) .
The broadleaf cattail creates extensive communities, which reach out into water depths of up to 2 m, often bordering the pelagial zone. Reed sweet grass grows along the shore, in places where the water depth does not exceed 0.5 m, forming smaller, though just as common, communities. Both plant formations are able to effectively clean domestic sewage, which could potentially end up in bodies of water (Kowalik and Obarska--Pempkowiak 1994; Obarska-Pempkowiak et al. 2010) . In addition to this, they create an ecotone zone which connects the land with deeper parts of the water body and is inhabited by the largest variety of land and water animal species, as well as being characteristic of bulrush beds, which are home to endangered amphibians, reptiles and birds requiring active protection (on the territory of Poland) (Minister of Environment Decree on the protection of animal species of 12 October, 2011, Journal of Laws of the Republic of Poland of 2011, no 237 item 1419). Bulrush consisting of the analyzed helophytes is capable of selfregeneration, even in the case of severe damage occurring as a result of, for example, drastic changes in the water level. This does not hold true for concrete and reinforced-concrete reinforcements.
CONCLUSIONS
The tensile strength of bulrush plants is an important property for hydrotechnics and environmental engineering. The rhizome is the strongest parts of reed sweet grass as well as the broadleaf cattail. In the cattail it is followed by the base of the stem and thirdly, the above-ground stem, whereas in the case of reed sweet grass, the above-ground stem and base of the stem, respectively. The average tensile strength of reed sweet grass and the broadleaf cattail is 2,725 and 748.8 kPa respectively. The broadleaf cattail and reed sweet grass are suitable for protecting the shores of water bodies under conditions which are not well tolerated by many plant species.
